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Description is under- study for fabrication of 0 18pm devices, and is 

prospectively uselul for. smaller design rules, e g , 
Technical Field 0,1Qpfn and smaller 

Proximity x-ray is, at this lime, the most advanced 
Fabrication of Large Scale Integrated circuits and s short wavelength delineation technique A typical sys- 
other devices having submicron features entailing pro- tern operates at a wavelength in the range of from 0 6 
jection lithography by use of extreme ultraviolet deline- to 1 8nm: Thin membrane, gold or tungsten masks, 
• : : .x atlng radiation.;.; • \ \'y.'\-y. /'.V^y^'V 

: : : terminology : 

tidn = radiation within the wavelength range of from 
; : 50nm : to;3nm.: This.w^ 

■ 

Vacuum Ultraviolet Electromagnetic radiation in 
-: : :the wavel length range of from T5pnm to 5pnm. Radiation 
in this range is highly absorbedin usual optical materials 
r']y. '■: which' are transmiss rye at longer : wavelengths - : an; ab- 
sorption, which like that of the EUV suggests use of re- 
flecting, rather than transmitting, optics 

Proximity . X-ray - A lensless, one-to-one (mas Mo- 
image), lithography system in which the information- 
containing mask is in near-contact with theimageplane 

Wavelength - Unless otherwise noted or implicit, 2S desired image Unfortunately, proximity x-ray technolo- 
reference to wavelength of delineating radiation is as gy is not transferable to projection The 1 2nm radiation, 
measured in vacuum desirable for its towered diffraction, accompanied by ac- 

Leakv Phase Mask - A phase mask in which delib ceptable transmissivity in. the membrane mask, is un- 

erate passage of illuminating radiation through blocking suited-for transmission optics Required values of re- 
regioris destructively interferes with edgerscattered ra- *o tractive index.and transmissivity are not available in oth- 
diation to lessen scatter-blurrmg of feature edges The 
structure is sometimes referred to as an •attenuated 
phase mask' 

Coherency - Reference is made to spatial coher- 
■:0:-. : :':-: ::: :-:': : ! : : : : : : : :-:en'de of delineating- radi^ 

"i - r *>V Irlsf oirdh"de|to ;th"o; |d^'Gjr'e'd-6f :c'dii'ei rjeini^r: y i^ide'd; by ^; 
a system satisfying therelationship 

mg wavelength range is unacceptable Required index 
NA of condenser differences for. suitable DBR structures are unavailable 

CT ~ NA of lens ^ 0) 40 at this wavelength The wavelength range of particular 

interest for projection is in the EUV spectrum (50nm - 
' ' ' ^accordance with the relationship a 0 value of ze- ' ' 3nm)' 

ro indicates' 100% coherency Substrate-supported DBRs and patterned metal 

layers, serve as reflecting masks: (Chromium layers, 
Description of Related Art 45 commonly used at longer wavelengthsin the ultraviolet 

spectrum, are replaced by gold or germanium layers in 
It is generally agreed that "next generation LSI" - theEUV spectrum ) Features as. small as 0 0.5pm have 
LSI built to design rules of 0 25um or smaller, will require been printed in P MM A resist layers using delineating ra- 
delineatirig radiation of shorter wavelength than that in diation of 13 9nm wavelength See, J E Bjorkholm, et 
the presently-used 'near ultraviolet 1 spectrum Shorter *f> al J Vac So. Technol. B 8, 1 509 (1 990) 

ally of I93nm : should be satisfactory for design rules of tion process offers a high resolution aerial image ap- 
0 25pm and, approaching 0 18pm Two candidates are propriate resist materials - have not beenfound, Delin- 

DUV Radiation in the EUV spectrum (X = 50nm-3nm) underlying major portion is effectively unexposed, re- 



spaced 20 to 40pm from the wafer, to avoid mask dam- 
age, have yielded pattern images of 0.1pm and smaller 

10 feature size Diffraction and penumbra blurring al fea- 
ture boundaries have been successfully addressed Dif- 
fraction effects are inherently minimized by the short 
wavelength radiation. Resolution for already-excellent 
resist materials, may be further improved by use of 

15 phase masks See, Y-C Ku, et al , J Vac Sci Technol 
B 6, 150 (1988) Penumbra blurring is not a problem for 
synchrotron sources and small size plasma The prox- 
imity system, still widely pursued; has a significant draw- 
back Masks, necessarily made to the same design 

20 rules as the image, are expensive to fabricate and drffi- 
/X^xcUUiOTepair-:;:;:;:;:::::::' 

Projection systems providing for image reduction 
permit use of less expensive, largeMeatured masks - 
features perhaps 5 or more times larger than thai of the 



erwise suitable materials 

As a consequence,- projection systems use reftec- 
tive, rather than transmission optics Since conventional 
single-surface mirrors have inadequate reflectivity, dis- 
ss tributed mirrors ■> "Distributed Bragg Reflectors" (DBRs) 
-are used (These are often called "multilayer mirrors" 
in the EUV literature ) Again, the 1 2 nm proximity pnnt- 
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suiting in poorly defined profiles, and in unsatisfactory tion 

resolution _ „ _, ■ 

The problem is under study "Use of Trilevel Resist Detailed Description 

g^Stoa. ...Ws^^sUtuted of a ft. conUnues to undergo development The » Z wh d 

aySrol photosensrtrvemateml. an underlying. thin layer arrangement, us.ng .wo spherical ™^teb«n 

oTgermanium, and finally, a IhJck layer of organ, ma- succeeded by nngfieW scannmg wrUi ^asphenc conec- 

Wtel After developing the surface .mage, It ,s trans- lions A state-of-the-art apparatus .s described n U * 

"ed fo the s„,con substrate ,n an etch sfep which re Pa, 5 315,629 issued May 24, 1 99 4 Tna «ou,^,em n« 

he'wd unoerlyihg ikyers serve ,n succession as etch- ringfield scan apparatus is capable of reproducing 

barriers) 0 1 Mm ,eatufes aeross 311 a,cuale UM Sey ° f? ' P 

A oromising approach uses a different form of "sur- width and 30mm in length 

face'achTve 'si a'nd a two-part process providing .gr The commercially accepted form p. the ,nven.,on 

S ol a developed surface image into the under* -* will depend on many developments ^ ^pe^enta^ 

• o naik of the resist mask was planar Incorporation in another element - in 

The problem ie most severe in the EUV spectrum, a positioning, or even in a non-planar focusing element 

to, wavelengths > 10nm allhough ,t is still a concern at of the lens train - is a possibility EI.rn.nat.on ol themde- 

innn», wavelenothsle a at 1 93nm) pendent masking element, with accompanying reduced 

longer wavelengths (e g at isunm, „ |oss(JS may be sumclenl eom pensation for the 

e „^ n n,ol the Invention aaded complication ol build„g the mask on a curved 

~ surface. 

The mvent,ve apparatus serves as an alternative, Experimental work faithfully reproduced mask lines 

or supplement to a surface-activated resist to permit and spaces ,n the resist A degree of freedom is intro- 

projecLv.eduction lithography with improved image » duced by use of -biased masks" - masks w,th^,stort- 

edge defmit.on Likely to find substantial use in the EUV ed features to compensate to, d, S tort,on .ntroduced by ........... 

soectrum « depends on use of a phase mask, of unique ■overexposure- 

S The mask of the invention according to cfaun 1 Use of apparatus incorporating the newmask .m- 

proves resolution of the aenal image, with corre- proves resolute for EUV propcon 

spending improvement ,n the resist image Therespon- M Consequential improvement in resist images 

stole operat.ng principle is that of the transmission leaky steeper feature edges - improves resolute ,n the hnat 

phase mask of H Smith, at al U S Pat 4,890,309 ,s- device Still further improvement will result by modifying 

sued 1989. but now embodied in a reflecting structure processing to take advantagasoftlie r,ew , mask Co- 

T^eaaWie multi-layer minor used in lens elements may Mid U.S. Pat App 326,444, tiled October 20, 1994 de- 

serve as substrate The masking layer depends on par- *s senbes improved processes 

t ,aliy-.ransmit..ng or -leaky- blocking regions, which ,m- Choice of wavelength range will depenc Ion a 

pose a 180' round-tnp phase delay on delineating radi- number of factors - e g on resist 

ation reflected from these regions (relative to radiation mirro, reflectivrt.es Use i 0, ^ dlaton ^=^:^ IS /^- 

reflectedtrom unmasked regions) resenia.rve of the wavelength range of V™*£™* 

40 m the EUV spectrum used in reported work The pre- 

p^n^riotton of the Drawing *erred multi layer phase mask °P^ e ^^ • ^JE .... 

, r " : ■ 1 what broader wavelength range within and beyond the 

FIG 1 .sacross^sect.onalviewotareflectrveleaky entire EUV spectrum of 50nm.3nm Reflection phase 

phase mask of the mvention; The structure shown uses masks. W used in the DUVspectrumj300nm-150nm) wfll 

a bMayer made up of discrete layers of attenuator and likely substitute a simple single-surface mirror, perhaps 

phase shrfter ,n the blocking regions reinforced by a single .Bragg pair 

FIG 2 shows ah alternate mask structure of the Specific mask design is primarily for the device fab- 

invention It is .dent.cal tothatolFIG 1 , but uses a single ncat.on wh.ch provoked the work leading to the present 

,ayer both for attenuate and phase shrffng mvent.on That structure uses a *"*«^»* 
FIG 3 -on coordinates of electric field on the ord.- so tern layer directly deposited on the mirror Vanat«ons are 

nate. and distance on the abscissa, shows the relation- contemplated Masks are likely to use an a^ured pat. 

'-''le'a^phasam^ ™^:'^s^//s 
^: : : : : : :vFiG : - ^ : :on:coordihatesV 

shows the Intensity variation corresponding with the E- ss The improved aenal 
• :!:: iield : varia'tiortd 
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ing in which radiation-induced changes in the device- 
functional material are used in processing or in opera- 
tion There may be other uses 

II Mask - Claimed masks use the operating princi- 
ple of the leaky phase, mask of US Pat 4,890,309 That 
patented mask is similar in structure to an ordinary bi- 
nary transmission mask, with , the exception that the 
opaque ("blocking") regions transmits fraction of the tn- 
cident radiation Transmission in the range of from 5% 
to 15% has been found suitable for cancellation of scat- 
tered radiation from clear regions Greatertransmission, 
to 25% or more, should be sufficient for most conditions 
The "opaque" regions impose a n phase-delay. Since 
reflecting the one-way delay is half that value (Discus- 
sion is for simple structures in which there is no phase 
delay introduced in the clear regions lf t for some rea- 
son, this is not true the phase delay of the blocking re- 
gions is adjusted to maintain a n shift, relative to the 

clear regions ) 

The leaky phase mask principle, used in the present 
invention is itself, something of a compromise - is not 
as efficient as other designs It is, however, simpler to 
construct and is less restricting of pattern complexity 

Specific EUV. reflective structures are shown in 
FIGS 1 and 2 FIG 1 shows a substrate .10 with a flat 
surface 11 For temperature stability the substrate is eh 
ther a low expansion material or a high thermal-conduc- 
tivity material A mixed glass composition of 92 6 wt% 
Si0 2 7 4 wt% Ti0 2 is an example of a suitable low-ex- 
pansion material Elemental silicon is an example of a 
thermally conductive material The substrate supports 
a DBR structure 12, of successive layer. pairs of high 
arid low refractive index materials Layer pairs each m= 
troduce a phase delay of one or. more half wavelengths 
so that the composite reflection is single-phase Alter- 
nating layers of silicon and molybdenum are suitable in 
• the I3nm-15nm wavelength range (40 layer pairs give 
60%-63% reflectivity in this range) Molybdenum/beryl- 
lium pairs have been used with radiation a\X= 11 4nm 
Resist absorption is somewhat less at this wavelength, 
and reflectivities as high as 68 7% have been reported 
(Theoretical reflectivity tor Mo/Be DBRsis 80%.) Ruthe- 
nium and boron carbide multi-layer mirrors have been 
used with 6 8nm radiation Detailed mirror design may 
differ from the prototype, constant- layer-thickness, 
structure Thickness may decrease with distance from 
the optic axis to compensate for radiation of non-normal 
incidence 

-:^:>::>-:-:TOe^bkxklhij: (bh^aqiie;) ;regii3«:is: a:bmary: ^ye^ 

layer 14 ("Phase shifting" and "attenuating" describe 
primary purpose Takentogether the binary, layer intro- 
duces the % phase delay with desired attenuation ) In- 
coming radiation is represented by rays 15-and 16, and 
reflected radiation by rays 1.7 and 18 Ray 15, incident 

: : :-:-:oTi:a : n:i^ 

tally 1, reflected - 1 e , is reflected tothe full capability of 
the DBR Ray 16 incident on a masked portion of the 
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DBR surface 19; is attenuated and phase shifted during 
its round-trip passage through layers 14 and 13, and 
yields ray 18 

The mask of FIG 2 is identical in operation as that 
of FIG 1 , but uses a single layer masking region for. at- 
tenuation and phase shifting The structure shown is 
constituted of substrate 20, DBR 22. and blocking layer. 
23' Layer 23 may be composed of a single component 
or 2 or more components forming a solid solution or fine 
mixture The layer composition, chosen for study, was , 
composed of two components, the . first being primarily 
a phase shifter, and the other primarily an attenuator 
An organo-silane may serve for phase-shifting, and an 
iodine- or bromine-con taming molecule may be the ab- 
sorber The layer may. use a heavy metal for absorption 
and a phase-shifting lighter metal (with an absorption 
edge at a wavelength below the operating wavelength). 
Rays 25, 26, 27 and 28 have the relationship of rays 15, 
16, 17 and 18 of FIG 1 Ray 28 is attenuated and n shrft- 
: ; : ed;relativ>;tb';ray;^ 

While the larger mask size, permitted by projection, 
reduces mask cost/repair continues to be a factor Pin- 
hole repair is particularly problematic for binary layers 
Repair of homogeneous layers - alloy or single material 
layers - for both shifting and attenuation ts simpler Pin- 
holes may be plugged, possibly by the method used for ■ 
deposition of the initial layer Excess material may be 
removed by planarization- e.g , by use of an overlying, 
organic layer selected to be etch^eroded at the same 
rate as that of the masking, material 

p re fe re nce for the transmission range of 5%~ 15% 
(2 5%-7 5% for one-way passage) is explained by infor- 
mation plotted in FIG 5 An illustrative structure used a 
0 3pm bilayer (262nm bottom layer of PMMA and a 
27nm top layer of germanium) The bilayer was depos- 
ited oh a 40 pair Mo/Si, 1/4X DBR, supported by a 0 6pm 
silicon substrate 

Mask patterning was by e-beam writing using the 
Electron Beam Exposure System (EBES); followed by 
reactive ion etching Mask fabrication is described by D 
M Tenhant, et al, in J Vac Sci Technol. B , vol. 10(6), 
' 3134(1992) " 

III imaging Resist - The primary objective is to ac- 
commodate the highly absorbing nature of resist for the 
short wavelength radiation A 1/e attenuation thickness 
xbf 0:1 OrO: 1 5|ihri has led to a resist thjckhes^^ 
This is too thin a layer to serve as stand-alone protection 
during etching Anumber of.innovatrve resists, designed 
to sotve the problem, have: been described, and are like- 
ly to be used with the inventive phase mask They pro- 
vide tor transfer of a thin surface image into the under- 
lying body of the resist layer often, in a separate process 

P The "bilayer" approach uses a discrete surface lay- 
er, eg of an organometallic, light sensitive material, 
and an underlying layer. of organic material A liquid de 

in the surface layer transfer is by. plasma etching See, 
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io Process Using the ^ ^ UIVe 43, » the iw^ (« t-ansm^n) 

(SI-CMS)-, PolymerEnqineering and Science ^ ^ ^ , he degree ol ^ attenuation 

no 14, p 920(1989) 5 Flt3 5 shows an imaqe portion of 05 urn width. For 

In -near-surface- imaging, the thin surface image is « ^fJJ^^, Sees otthe image, This portions 

Wed by chem,cal crossing 0, me = f e J^^J^W j^ 

gions. after which ""-M**""" bounded by a halt Una (L'hand portion, and a ha« 

Osessilylatldn See.G N Taylor.etal -Sifylated pos Jive >» tens^y _ , ^ • • (our valuM 0 , 

ton, resists .or EUV ^ g ***** ^urve So ,s a norma, mask 

Uonte Engineering , vol » P. 27 *? W made „, btock , ng regl0ns of 100 % nominal opacity 

In •at-the-suriace-imaging , refractory turns are h » « 

chemically bonded ,0 organ* resist surfaces .0 provide 52 )or ^and 

a plasma resistant etching mask during image ran fer « curve 51 tor ^ 

See, GIN Taylor, eta, -*^^^^Sa ^de .o°,e a^Spn, The improvement ,n slope 

surface ^^^^SS^TS or each of curves 51 , 52 and 53 is evident While there 
" lms ' Mrroeleclronlc Engineering, vol 23, ^ ^ lfnprove ment with increased transmission, 
p 259 (1994) i0 mo|0 |S ,„,,„ c nango beyond the 10% transmission 

which shows improvement of about 10- in the Units of 
IV. Aeria. Image- -..-.v. 

w.. *^»* nn an imDroved The 10% transmission mask is a compromise be- 

The M rZZZ^«*ZZZ™£ .ween image contrast and interference structure Final 

aerial image - an image w*b M# « cnolce wll , depen d on resist characteristics, circuit de- 
^S^^^^S • sign, and ra d% ^hgncyln genera,, the preferred ■ • ■ = 

^Increased M*^**^* ^3 ^sources are studied for 
mottling problem - resist ab f ' EUV lithography The synchrotron .s rterently near 

exposure because of lessened feature broademng I 0 8/059924 : filed May 10, 1993, describes appropriate 

U0 ' >,G 3 describes the improvement of the aenahm- Pat 5,339,346, August 16, 1994 ) 
age in terms of electric field amplitude. The figure is plot- 
ted on coordinates of E-field and image plane position 
tor a mask portion containing a single feature edge 40 Claims 

Three curves are shown Curve 30 shows the electric lthOQraDhlc mask composing a mask pattern for ' = ' ' 

====== . 

Itaomn^^^^'^J^gW: m Lg and blocking delmeat„g radiation, the 

ima9 e produced by a norma, masK mo^yd. « .^^ffiK* WW, * * 

; ::: ; : ; :::^ejn^ 

: : : : : : : :;: )n "tensity drops at : increasing ; rata ; :-v:-: 
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inn regions mask the reflecting substrate from inc.- bereiche so gewahlt ist, daB fur E.nweg-Durchgang 

dent radiation, the thickness of the blocking regions von Strahlung eine Phasenversch.ebung von etwa 

being such as to impose a phase shift of about 90" 90 Grad auferlegt w.rd, wobe, d.e D.cke und der 

for one-way passage of radiation, in which the thick- Brechungsindex der Sperrbereiche so gewahlt ist, 

ness and refractive index of the blocking regions is 5 daB d.ese Phasenversch.ebung fur Strahlung einer 

such as to provide this phase shift for radiation of a Wellenla.nge im Wellenlangenbereich von 150 nm 

wavelength within the wavelength range of from bis 3 nm bereitgestellt wird 

1 50nm to 3nm. - • , _ 

2. Maskenach Anspruch 1, beider.dieZusammenset- 

2 Maskof claim l inwhichthecompcsitionof blocking zung von Sperrbereichen mmdestens zwei Be- 
regions contain at least two ingredients standteile enthalt. 

3 Mask of claim 2 in which blocking regions consist 3» Maske nach Anspruch 2, bei der Sperrbereiche aus 
of atleast two discrete layers of differing compos.- mindestens zwe. diskreten Schichten m.t verschie- 
t - on 15 dener Zusammensetzung bestehen. 

4 Mask of claim 3 in which blocking regions consist 4. Maske nach Anspruch 3 0 be. der Sperrbereiche im 
essentially of two discrete layers wesenllichen aus zwet diskreten Schichten beste- 

6 Mask of claim 2 in :Which discrete ingredients con- ™ 

strtute a physical mixture 5. Maske nach Anspruch 2, be. der diskrete Bestand- 

teile eine phys.kahsche Mischung bilden 

6, Mask of claim 1 in which blocking regions consist 

essentially of a single layer of homogeneous mate- 6. Maske nach Anspruch 1 , bei der Sperrbereiche im 

:-7- : ^Mask : of:c^ 

provides the phase shift for radiation of a wave- 7. Maske nach Anspruch 1, be. der die Dicke der 

ie nQ th within the wavelength range of 50nm-3.0nm " Sperrbereiche die Phasenversch.ebung fur Strah 

M 30 lung einer Wellenlange im Bereich von 50 nm bis 

8 Mask of claim 7 in which image feature dimension 3,0 nm bereitstellt 
is less than 0 18pm 

8, Maske nach Anspruch 7 t be. der die Abmessung 
der Abbildungsstrukturelemente wehiger a Is 0,18 

Patentanspruche 35 urn betragt. 

1„ Lithografische Maske mit einer Maskenstruktur zur 

Erzeugung einer Projektionsabbildung, wobei die Revendlcatlons 
Projektionsabblldung Strukturelemente mil einer 

kfemsten Abmessung von wehiger als 0 y 25 pm ent- <° 1- Masque Irthographique comprenant un motif de 

halt die Maskenstruktur zum selektiven Durchlas- masque en vue de produire une image de projec- 

: > : ' ; - ; : ; 'se^Sperreh:v6h' 

gen Bereichen und Sperrbereichen besteht, die nstiques de moindre dimension infeneures a 0,25 

Sperrbereiche so zusammehgesetzt sind und eine m, to mptif de masque etant constrtue de regions 

sdlche Dicke aufweisen. daB ein teil von einfallen: 45 transparentes et de regions bloquantes en vue de 

der Schreibstrahlung durchgelassen wifd unddabei transmettre et de bloquer selectivement un rayon- 

eine Phasenverzogerung auferlegt wird, so daB der nement de delineation, les regions bloquantes etant 

Teil relativ zu dem von durchlassigen Bereichen compos6es de telle sorte, et 6tant d^ne epaisseur 

durchgelassenen Teil urn etwa 180: Grad phasen- telle, qu'elles transmettenl une portion du rayonne- 

verschoben wird, w'odurch die Strukturelement- so ment de delineation incident, tout en imposant un 

kantenscharfe durch Ausloschung verbessert wird, retard de phase, de sprte que la portion sort depha- 

dadurch gekennzeicnnet, daB see d'environ 180" par rapport a celle transmise a 
■:-::x::: : ^::-: : : : : : :d'£ 

em reflektierendes Substrat enihalt : wobei der Re finjtion des bords des caracteristiques est amelio- 

x^x-Xftex^ 

Reflektor abhahgt, und dadurch, daB Sperrberei- CARACTERISE EN CE QUE 

: : : : ivi : :#^ 
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depend d'un reflecteur r6parll sur de multiples cou^ 
ches, et en ce que des regions bloquantes mas* 
quent le substrat de reflexion par rapport au rayon- 
nement incident, I'epaisseur des regions bloquan- 
tes etant telle qu'elle impose, un dephasage d'envi- 5 
ron 90* pour un passage unidirectiqnnel de rayon- 
nement danslequel.l'epaisseurethndjcede refrac- 
tion des regions bloquantes sont tels qu'ils produi- 
sent be dephasage pour un rayonnement dune lon- 
gueur d'onde se trouvant dans la gamme de }0 
longueurs d'onde allant de 150 nm a 3 nm 

2 Masque selbn la revendication 1, dans lequel la 
composition des regions bloquantes contient au 

. moms deux ingredients. 15 

3 Masque selon la revendication 2 t dans lequel les 
regions bloquantes sont constituees d'au moms 
deux couches discretes decomposition differente 

regions bloquantes: sont essentiellement consti- 

^S^i-M^squeiseio^ 

ingredients discrets constituent un melange physi 

/. , : ;. : que. • 

6. Masque selbn la revendication 1, dans lequel les 
regions bloquantes sont essentiellement consti- 
tuees rfune couche unique de matiere homogene 

7. Masque selori la revendication 1, dans lequel 
I'iSpaisseuf des couches bloquantes produit le de- 
phasage pour un rayonnement d'une longueur d'on- 
de se trouvant dans la gamme de longueurs d'onde 

8., Masque selon ja revendication 7 dans lequel la di^ 
mension, des caracteristiques : de I'image est int6- ^ 
rieureaplBuJTi 
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